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MechanismZero valent silver nanoparticle deposited TiO2 composite (Ag/TiO2) has been prepared and characterized by SEM,
TEM, XPS and FTIR techniques. The photocatalytic property of Ag/TiO2 for the degradation of methylene blue
(MB) was investigated under the ultraviolet-C light irradiation. The effect of various operation parameters
such as solution pH, irradiation time, initial MB concentration and catalyst dose was also studied. The results in-
dicated that an increase in solution pH boosted the photocatalytic degradation ofMB by Ag/TiO2 reaching amax-
imum at pH 9.0. The degradation of MB decreased from 96.66% to 45.76% with the rise in startup MB
concentration from3 to 13mg/L. An enhanced degradation ofMBwas noticedwith the increment in the amount
of composite from 0.025 g to 0.1 g and afterwards an increase in catalyst mass resulted in reduction in the deg-
radation of MB. Moreover, Ni(II) amelioration in MB solution also showed an adverse effect on Ag/TiO2 activity.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Most of the synthetic organic dyes discharged in wastewater stream
from textile, printing, leather, paper, food, and drugs industries are gen-
erally toxic in nature [1,2]. Dyes give an unwanted color even at very
low concentration. As a result of which sunlight penetration gets re-
duced thereby increasing the COD and BOD level in the aquatic system
[2]. Several methods such as biological oxidation, membrane ﬁltration,
adsorption, and heterogeneous photocatalysis treatments are used for
the removal of dyes from an aquatic medium [1–4].
In the past decade, nanosized semiconductor photocatalytic mate-
rials such as TiO2, ZnO, CdS, and CeO2 have been intensively investigated
for the degradation of dyes [3,5–7]. TiO2 is the most extensively studied
semiconductor for the environmental applications because of its unique
properties such as high photocatalytic activity, high surface area, shape
and size, low cost and non-toxicity [8]. As soon as the TiO2 was irradiat-
ed with the ultraviolet light, it produces electron-hole (eCB− +hVB+ ) pairs
that initiates the formation of active radicals (OH• and O2•−) on the sur-
face of the catalyst which ultimately oxidizes the surface adsorbed or-
ganics [9,10]. The major drawback of TiO2 is short life electron-hole
(eCB− + hVB+ ) pairs and poor adsorption capacity organic components
[9]. Many attempts have been made to overcome this problem via sur-
face modiﬁcation/tailoring of TiO2 with noble metal nanoparticles dop-
ing/depositing, composite formation, and co-doping [3,5,6,9,11]. These
dopants act as an electron sink/trap on the surface of semiconductor
and reduce the electron-hole pair recombination [6,11]. Silver is a veryu.sa (R. Kumar).
. This is an open access article underwell-known noble metal for its easy synthesis, small size and photocat-
alytic application. Ag nanoparticles are capable of capturing the elec-
trons from the conduction band of TiO2 under ultraviolet irradiation
and prevent the electron-hole recombination [6,12].
In the present work, zero valent silver nanoparticles were prepared
using polyvinylpyrrolidone as a capping agent at low temperature [13].
The synthesized Ag nanoparticles were immobilized on the surface of
rutile TiO2 and the so obtained Ag/TiO2 composite was evaluated as a
photocatalyst for the degradation of methylene blue. The effect of vari-
ous parameters such as contact time, solution pH, photocatalyst mass
and initial dye concentration was investigated.
Polyvinylpyrrolidone capped silver nanoparticles were synthesized
by the reduction of AgNO3 in methanol. 3 mMAgNO3 solution was pre-
pared in 20 mL distilled water and then 180 mL methanol was added.
Thereafter, 0.133 mg of PVP was mixed into this mixture and reﬂuxed
for 3 h at 110 °C and an orange yellow color solution was obtained.
The solvent was evaporated at 55 °C and the obtained Ag nanoparticles
were added to ethanol and thoroughly washed with hexane and etha-
nol (3 times) and centrifuged for 10 min at 3000 rpm.
To prepare Ag/TiO2, Ag nanoparticles were redispersed into the eth-
anol under sonication and TiO2 was added to this solution. The percent-
age mass ratio of Ag:TiO2 was 0.3:99.7. This mixture was sonicated for
3 h and then dried at 60 °C to remove the solvent followed by an in-
crease in temperature up to 90 °C. The dried Ag/TiO2 catalyst was used
as such for the photocatalysis.
SEM and TEMwere performed to ﬁnd the shape and size of Ag/TiO2.
SEM images (Fig. 1a, b) show that theAg/TiO2 particles have an irregularthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
(a) (b) (c)
Fig. 1. SEM images of Ag/TiO2 at different magniﬁcations (a) 7500 and (b) 60,000 (c, inset) TEM image of Ag nanoparticles.
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the spherical shape of the Ag particle with the size around 5 nm.
To elucidate the chemical state of elements in Ag/TiO2 composite, XPS
analysis was performed. High resolution XPS spectra of O 1s, Ti 2p and Ag
3d are shown in Fig. 2. The chemical state of Ti for Ag/TiO2was investigat-
ed as shown in Fig. 2a. A double peak appears with intensities of Ti 2 p3/2
and Ti 2 p1/2 at 458.8 eV and 464.5 eV are characteristic for Ti+4 [14,15].
Three peaks (Fig. 2b) appear for O 1s at the binding energies of 530 eV,
531.28 eV and 535.1 eV which correspond to O in TiO2, hydroxyl species
and H2O (moisture), respectively [15]. The characteristic doublet peaks
(Fig. 2c) for Ag were observed at binding energies of 368.1 eV and
374.1 eV for Ag 3 d5/2 and Ag 3 d3/2, respectively with a separation of
6 eV, conﬁrming the presence of zero valent Ag in Ag/TiO2 composite.
Generally, the binding energy of Ag 3 d5/2 over 368 eV can be attributed
to Ag0 while Ag+ at binding energy of 366–368 eV [14,16]. Thus, the
XPS spectra conﬁrm the presence of Ag0 in Ag/TiO2 composite.
To ﬁnd the interaction between Ag/TiO2 and MB, FTIR analysis was
performed. The FTIR spectra of Ag/TiO2 before and after MB adsorption
are shown in Fig. S1. The characteristic peaks of TiO2 at 475 and
527 cm−1 are assigned to O–Ti–O and Ti–O vibrations [17] which
were shifted to 492 and 542 cm−1 after MB adsorption. The new
peaks that appeared around 3400, 1605, 1425 and 950 cm−1, respec-
tively belongs to free OH, C_C, C–H and_C–H aromatic structures of
dye [18]. The change in the frequency and intensity of TiO2 and appear-
ance of new peaks conﬁrms the interaction between Ag/TiO2 and MB.
The effect of solution pH on MB decomposition was studied by
adjusting the pH in the range of 3 to 9 as shown in Fig. 3. The degrada-
tion of MB increases from 36% to 90% as the solution pH increased from
3 to 9. ThemaximumMB degradation at pH 9may be due to the higher
interaction between cationic MB and negatively charge catalyst surface
[19]. In basic medium, the presence of excessive hydroxide ions (OH−)
generate the hydroxyl free radicals (HO•) (h+VB + OH− → •OH) upon
photo-oxidation of OH− by the hole pair formation on the catalystFig. 2. XPS analyssurface [20]. These HO• radicals were the main oxidizing species in-
volved in the degradation of MB (•OH + MB → colorless products).
Therefore maximum degradation was observed at pH 9 and further
studies were performed at this pH.
The rate of decoloration process by which MB molecules convert to
the colorless byproduct under UV-C light has been determined using
the law of heterogeneous photocatalytic reactions proposed by the
Langmuir–Hinshelwoodmodel: ln (C/C0)=−kt. where, k is the appar-
ent rate constant (min−1). C and C0 were the initial and equilibrium
concentrations (mg/L) ofMB after irradiation time t (min). The rate con-
stant values were calculated from the slope of the plot (ln (C/C0) vs k).
The values of rate constant (k) and regression constant (R2) at pH 3, 5,
7 and 9 are 1 × 10−3, 4 × 10−3, 6 × 10−3 and 8 × 10−3 min−1 and
0.699, 0.936, 0.953 and 0.964, respectively. The values of rate constant
increased with the increase in the solution pH, which conﬁrmed the
fast and favorable degradation of MB onto Ag/TiO2 in alkaline medium.
The effect of MB concentration was studied by varying the dye con-
centration in the range from3–13mg/L. As shown in Fig. 4, the degrada-
tion of MB decreases with the increase in the amount of MB in solution.
At the low concentration (3 mg/L), MB degraded completely while the
degradation efﬁciency of Ag/TiO2 was found to be reduced to half
when concentration increased up to 13 mg/L. This behavior can be ex-
plained on the basis of change in optical density of the MB solution at
varying concentration [21]. The density of solution increases with the
increase in the MB concentration in solution which restricts the pene-
tration of the light into the solution. Therefore, due to the lack of the en-
ergy (photons), Ag/TiO2 shows poor photodegradation of MB at higher
concentrations [22].
The effect of catalyst dose onto MB degradation is shown in Fig. 5. It
was observed that the concentration of dye in the solution decreases
with the increase in the dose of Ag/TiO2 up to a certain level and then
starts to decrease with a further increase in the catalyst amount. This
observation can be explained on the basis of the fact that the numberis of Ag/TiO2.
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3R. Kumar et al. / Colloids and Interface Science Communications 5 (2015) 1–4of active site and the number absorbed photons increase with the in-
crease in the catalyst amount which causes a higher rate of
photocatalysis. After a certain point, light scattering and aggregation
of the catalyst particles may occur. This results the decrease in the
photocatalysis due to decrease in the number of active sites in the ag-
glomerated catalyst [23,24]. Hence, the activity of Ag/TiO2 decreased
with the increase in the amount of Ag/TiO2 beyond 0.15 g/100 mL.
The wastewaters generally contain heavy metals. Therefore, the ef-
fect of heavy metal addition on the photodegradation of MB was inves-
tigated with Ni(II) in the concentration range from 3–20 mg/L. The
results presented in Fig. S2 revealed that the degradation of the MB de-
creased from 85.4 to 68% with the increase in the Ni(II) concentration
form3 to 20mg/L. This can be inferred as bothNi(II) andMBare present
in a cationic form in an aqueous solution andmay complete for the same
active sites of Ag/TiO2 surface. Adsorbed Ni(II) hindered the interaction
of MB with catalyst surface which causes reduction in photocatalytic
efﬁciency.
The mechanism of MB degradation under UV-C light can be ex-
plained on the basis of generation of electron/hole pairs, OH• and O2•−
radicals. Under theUV-C light irradiation, the electrons from the valence
band (VB) of TiO2 get excited to the higher conduction band (CB)which
generates the positive holes and negative electrons on the surface of
TiO2. The excitation life of the electron-hole recombination is very
short which restricts the use of the pure rutile TiO2 [5]. Herein, Ag nano-
particles were used as surface traps which can capture the electrons
from the CB of TiO2 and prevent the electron-hole recombination.0
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Fig. 4. Effect of initial MB concentration.Now due to the modiﬁed conﬁguration, the electrons from VB gets ex-
cited and transfer to the higher CB, leaving behind hole (h+) in VB of
TiO2. These electrons further move from CB of TiO2 to the Ag nanoparti-
cles and react with the dissolve oxygen to generate the superoxide rad-
ical anions (O2•−) which produce hydroxyl radicals (OH•) after reaction
with surrounding H2O [25]. On the other side, h+ in VB reacts with
the adsorbed water or hydroxyl ions (OH−) and produces more OH•
radicals. These OH• radicals andO2• are reactive specieswhich aremainly
responsible for the degradation of MB [6,25]. The mechanism of
photocatalysis can be summarized as follows
TiO2 þ hν→e− þ hþ ð1Þ
Ag0 þ e−→Ag− ð2Þ
Ag− þ O2→O−2 þ Ag0 ð3Þ
H2O þ hþ→•OH þ Hþ ð4Þ
•OH þMB→Degradation of MB: ð5Þ
In conclusion, Ag/TiO2 showed a good efﬁciency for the degradation of
MB. The photocatalytic activity of Ag/TiO2 essentially depends on the ex-
perimental conditions. The MB degradation rate (k) increased from
1 × 10−3 to 8 × 10−3 min−1 with the increase in solution pH from 3 to
9. The decomposition of MB also increased with the increase in the
mass of Ag/TiO2 from 0.025 g to 0.1 g and on further increase in catalyst
mass, negative results were obtained. The results suggested that Ag/TiO2
is a promising photocatalyst for the degradation of organic pollutants
under the UV-C irradiation.
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